To understand the evolution of alternative reproductive strategies such as communal breeding, it is important to recognize the options open to individuals and to evaluate their consequences. The relative reproductive success of individuals taking each option is one of the most important of these consequences. Burying beetles, Nicrophorus, are an excellent model system for the investigation of reproductive cooperation because they can breed in pairs or communally and provide extensive parental care. In this study, we examine the relationship of the duration of care and the reproductive success of each potentially communally breeding adult. Ten experimental broods reared on mouse carcasses were buried by two males and two females. Using PCR with single short primers that randomly amplify polymorphic DNA, we determined the maternity and paternity of 98.2% and 99.5% of the offspring (n = 217), respectively. In 70% of the broods, both females produced larvae, and in 70%, both males inseminated one or both females. The male and female providing longer care, usually the larger of each sex, were the mother and father of most larvae (50-100%
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to the top of the prepared carcass where a feeding hole has been prepared by the parents. Larval development is complete 7-8 days later. Both parents perform the same broodcare behavior while maintaining the carcass and provisioning the larvae (12) , but the principal benefit of male assistance is to help protect the brood from infanticide by conspecific intruders (13, 14) . Male Nicrophorus orbicollis usually remain until a few days after eggs hatch, when the carcass is partially consumed and less valuable to competitors; females remain until larval development is complete (6) . In previous field experiments, only one male and one female reared broods on small carcasses (15-30 g ). But on relatively large carcasses, more than one male or female may have been present in the brood chamber and fed developing young (6, 15) . Half of 30-to 35-g and 60-to 80-g carcasses were buried by more than one male and/or female N. tomentosus (mean + SE = 4.0 + 0.4; range, 0-6 males and 1-5 females). Males and females from this field experiment remained with the brood on average 5.2 + 0.8 and 7.5 ± 0.8 days, respectively (range, 1-16 days for both) (6).
Reproductive cooperation and conflict lie at the heart of the evolution of sociality. Communal breeding in which adults share a nest or mate and may provide care for unrelated young has been identified as one path leading to complex social systems in both insects and vertebrates (1) (2) (3) . But even in social insects and birds, facultative reproductive cooperation among nonrelatives is rare. To understand the origins of alternative reproductive strategies where individuals can breed either independently or communally, we must identify the options open to each individual and assess the relative success of each alternative. The first step is often an accurate determination of maternity and paternity. Here we report on the use of PCR with single short primers to randomly amplify polymorphic DNA (RAPD) (4, 5) . This approach greatly facilitates the determination of parentage. We then compare relative reproductive success and the duration of parental care in the facultatively communally breeding burying beetle, Nicrophorus tomentosus (Silphidae).
Burying beetles bury small vertebrate carcasses as food for their larvae and remain with the brood for a substantial period while larvae develop. While doing so, they give up the opportunity to search for another carcass, which is the limiting resource for both males and females. After locating a carcass, consexuals compete for its possession, and usually the larger individual wins (6) (7) (8) (9) (10) . The male and female dig beneath the carcass, and as they bury it, they remove the fur or feathers. It is rolled into a ball and rests in a brood chamber. Ovarian development is rapid (11) ; eggs are laid in the soil nearby and hatch 5-6 days after burial. Larvae come MATERIALS AND METHODS To obtain experimental broods, two males and two females with unknown reproductive histories were allowed to bury a 35-to 40-g previously frozen mouse. Thirty replicates were set up. Pronotal widths of consexual beetles differed by 10-33% [sample means (± SE): large males, 5.75 ± 0.09 (n = 30); small males, 4.88 ± 0.07 (n = 30); large females, 5 .39 + 0.06 (n = 30); small females, 4.64 ± 0.07 (n = 30); population means: males, 5.21 ± 0.06 (n = 76); females, 5.00 ± 0.06 (n = 78)]. The four beetles and carcass were placed in a 28-cm inner pot containing a core offorest soil. This pot was placed inside a larger pot closed with Plexiglas. These pots remained outside in the natural habitat. Beetles were free to leave the inner pot after burial of the mouse was well underway (12-18 h after they were introduced), and when they did so, they were captured in the outer pot. Their intention to terminate care was tested by placing beetles in an apparatus that recaptured them when they made a choice between returning to the brood or flying off (6) . Larvae were collected and weighed after all adults had terminated care and larvae had left the brood chamber to pupate in the soil. All adults and larvae were frozen at -80°C. Ten of these broods were used for DNA analysis.
To assess parentage ofthe larvae and thus the reproductive success of the adults, 30 oligonucleotide primers were used individually to amplify DNA fragments of the four adults and larvae from each of the 10 representative broods (4, 5) . Twenty-four larvae from large broods and all larvae from smaller broods were analyzed. Amplification reaction mixAbbreviation: RAPD, PCR with single short primers that randomly amplify polymorphic DNA.
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tures of 25 ,ul contained 10 ng of genomic DNA, 10 mM Tris Cl (pH 8.3), 50 mM KCl, 2 mM MgCl2, 0.001% gelatin, 120 ,uM dATP, 120 uM dCTP, 120 ,uM dGTP, 120 ,uM dTTP, 0.2-0.8 ,uM primer, and 0.5 unit of AmpliTaq DNA polymerase (Perkin-Elmer/Cetus). Amplifications were performed in a Perkin-Elmer/Cetus thermal cycler programmed for 45 cycles of 1 min at 94°C, 1 min at 35°C, and 2 min at 72°C. Products were run on 1.2% agarose gels with ethidium bromide and visualized directly with UV light (4, 5, (16) (17) (18) . Only the presence of consistent, strong bands was used to assign parentage.
Some primers were used to amplify the DNA of known parents and larvae of four laboratory broods. All fragments generated were consistent with Mendelian inheritance patterns. The occurrence of nonparental bands in the offspring of experimental and laboratory broods was extremely low (0.017) (19) . This differed from results from known primate pedigrees (20) . When the presence of novel bands is not used to exclude parentage, concern for PCR artifacts is in large part alleviated (19) . Apparent nonparental bands in larvae of the experimental broods were assumed to have been amplified from DNA inherited from the true fathers who had previously inseminated these wild-caught females (see Table  1 ). Several other controls were run to eliminate the possibility of false (nonhereditary) banding patterns affecting our conclusions. Aliquots of the same mixture were placed in each of the wells of the thermal cycler, and the resulting fingerprints were compared to assess the position effects. The patterns generated across the block did not vary. Results from several concentrations ofthe same DNA samples (3 x, 2 x, 1 x, 0.5 x, and 0.33 x DNA concentrations) were compared to assess the effects of possible errors in the determination of DNA concentrations and pipetting. Banding patterns for the strong, diagnostic bands did not vary. Controls without DNA were run with some reactions and never contained the amplified products found with beetle DNA. The profile of diagnostic bands of all adults was checked for reproducibility by running at least two reactions from each.
These 30 primers yielded 76 variable fragments with frequencies of 0.025-0.393 in the wild population (n = 40, the adults of the 10 experimental broods). For each brood we used only those primers that produced a fragment that was a diagnostic band in only one of the four adults. With one exception, these diagnostic bands appeared in approximately half of the larvae ultimately attributed to each adult. Maternity and paternity were determined by the presence of diagnostic fragments from more than one primer for most larvae.
RESULTS
The incidence of apparent cooperation in burial and brood care was high. The larger males remained with their broods 9.4 + 0.6 days (mean ± SE; n = 27); the smaller males remained 3.8 + 0.2 days (n = 21); the larger females remained 13.7 ± 0.6 days (n = 29); and the smaller females remained 5.9 ± 0.5 days (n = 28). (Two beetles escaped from one pot and that replicate was not included in the analyses of parentage or the duration of care.) In 55% of the broods, at least three individuals were still present when eggs hatched. Although we do not know how many of these adults performed brood-care behavior, beetles in this genus do not recognize related larvae, and consexual N. orbicollis females have been observed indiscriminately feeding young (15, 21) . In addition, individuals departing after the fifth day were covered with phoretic mites. These mites are transported by adult beetles to a carcass where they reproduce. The young mites mature in 5-6 days and disperse with the beetles. The presence of these mites, therefore, suggests that the departing beetles had been in the brood chamber (22) .
Females appeared to be more tolerant ofother females than males were of other males. Eight of 29 smaller males and 2 of 29 larger males were not recaptured and were presumed killed, whereas only one of 29 smaller females was not recaptured (G = 9.32, P < 0.005). The larger of each sex provided longer parental care (26/29 males, G = 11.5, P < 0.001, and 28/29 females, G = 18.4, P < 0.001).
Maternity of 98.2% of the larvae from the experimental broods was assigned to one of the putative mothers by using the presence of one or more shared diagnostic bands (Fig. 1) . Similarly, the paternity of 99.5% of the larvae was assigned in spite of the fact that females were probably previously inseminated. This demonstrates a very strong precedence of sperm from current matings over those from previous inseminations. Sperm precedence in this genus has previously been reported as 92% (25) . The probability of incorrectly assigning paternity to one of the known males when the offspring was the result of a previous insemination was determined for each larva. We examined each of the diagnostic bands (mean = 1.7) that the larva shared with its putative father, took the frequency that each band appeared in the population of 40 adults in this study, and multiplied these frequencies. The average probability of false assignment of each larva was calculated for each brood (range = 0.044-0.011). The average probability of false assignment across broods was 0.027 (SD = 0.01). This is comparable to the power of resolution of traditional fingerprinting from hypervariable sequences (26, 27) .
Analysis of the RAPD patterns showed that maternity was shared in only 70% of the broods in spite of apparent brood care by both females ( Table 1 ). The female providing longer care was always the mother of most larvae. There was no significant correlation between duration of care and proportion of the brood for the female providing longer care (r = -0.53, n = 10, P = 0.12), but the duration of care of the first female to depart was positively correlated with the proportion of her offspring in the brood (r = 0.63, n = 10, P = 0.05).
Paternity was also shared in 70% of the broods (Table 1) . In three broods, both males produced young with both females. In four broods, the smaller male produced young females each have a unique band of 550 bp (band d) and 500 bp (band e), respectively, that appears in 4 and 0 of the larvae, respectively. These two were the only diagnostic bands used from this primer for this brood. Bands a, b, c, and d were labeled with 32p (23) and hybridized to a Southern blot made from the same amplified samples (24 [6] 0.04
Days of parental care are given in parentheses, and the number of primers used to identify maternity or paternity for that adult are given in brackets. n is the number of larvae in the brood, but only 24 were examined when broods were larger. One hundred eight 10-mer primers were screened to identify polymorphisms in 10 representative broods. The repeatability of the banding patterns was not satisfactory in many of these.
Thirty primers that yielded amplification of one or more diagnostic bands were ACGGTACACT, GAGGGCGAGC, CCTGGGCTTT, GAGCACCAGT, GAGCACGGGG, GGGCGCGAGT, GGGGGGAAGG, GGGGGGTTGG, CCCGCCTTCC, CCGGCCTTAC, CACGGC-GAGT, ACGGCCGACC, GCACCGAGAG, GCTGCGTGAC, CACCGAACTA, ACAGGTAGAC, GTGACCTCAG, GTCGATGTCG, GGGCCTCTAT, GCTGGGCCGA, CCACCCAGAG, CGGTGACATC, CTGAGGCAAA, ATCGTACGTG, CTGAAGCGGA, CACTCTT-TGC, GGGTGAACCG, CAGCCAACCG, CGCGTGCCAG, and GGGATCGTGT.
*This category includes larvae that had bands not present in any parent (see footnotes *, §, and ¶). These bands could be due to PCR artifacts, genomic mutations (19, 20) , or from another male who was the father through a previous insemination.
tThis category includes larvae that had none of the diagnostic bands of the two putative parents.
tOne larva shared a diagnostic band with the larger male, and the probability that it was incorrectly assigned to him was 0.225. This larva also had a band present in 0.031 of the population but not in any putative parent. §One larva shared a diagnostic band with the smaller male, and the probability that it was incorrectly assigned to him was 0.175. This larva also had a band present in 0.125 of the population but not in any putative parent.
$Two larvae had a band that was not seen in any individual in the population and did not have the diagnostic bands of either male.
only with the larger female, but in one of these broods maternity was not shared. The male providing longer care had the greater reproductive success. There was no correlation between duration of care and the proportion of the brood sired by the male providing longer care (r = 0.14, n = 10, P = 0.70). However, the duration of care of the first male to depart was positively correlated with the proportion of his offspring (r = 0.77, n = 10, P = 0.01). (13, 14) . More than two beetles may be more successful in competition with larger congenerics (ref. 15 The larger male and female of each group produced more offspring and provided longer care. The proportion of the brood parented by the reproductively dominant male and female had no effect on the duration of their care, but the subordinate male and female remained longer as the proportion of the brood parented by them increased. It is not known how (or if) the beetles are able to assess their share of the brood so as to adjust the duration of their care. Male dunnocks, a passerine bird, assess their paternity by the percent of time they had exclusive access to the female during egg laying, and adjust their feeding rate to the chicks accordingly (28) . Beetles may use the number of copulations, which correlates with reproductive success in a congeneric species (25) (10) . Subordinate individuals help bury and prepare the carcass because they may parent some of the brood. Also, the process of burying causes endocrine changes (11) that in turn produce brood-care behavior. This endocrine-induced behavior is obviously strongly selected when a parent is unassisted. Our data suggest that the behavior cannot easily be uncoupled from endocrine function. Thus, continued helping behavior may be unselected, rather than adaptive (29) , because of hormonal constraints on behavior.
DISCUSSION
Communal breeding when duties are shared among parents of several broods is rare. Its evolutionary origin and maintenance cannot be understood without first knowing the parentage of all offspring. The development of DNA fingerprinting from hypervariable sequences (26) was a significant advance and has made possible the assignment of parentage for the investigation of reproductive strategies in birds (30) (31) (32) (33) and mammals (34, 35) . However, these techniques are difficult and time-consuming, and the interpretation of data is not always straightforward (36, 37) . The RAPD method has provided information on parentage with comparative ease, and this technique requires less DNA. Because of this, small vertebrates, or even large invertebrates, need not be sacrificed to obtain sufficient material for analysis (38) . We have demonstrated that burying beetle broods can have mixed maternity and paternity and that adults make considerable parental investment in some young that may be unrelated. Without this information, investigation of the evolution of this behavior cannot proceed.
